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ABSTRACT: 

PROBLEM TO BE SOLVED: To detect a mechanical force 
through a single FBG 

(optical fiber Bragg diffraction grating) without being 
affected by temperature 

variation by using an FBG having uniform lattice spacing. 

SOLUTION: The mechanical .force sensor comprises an 
optical fiber having an 

FBG 4 of uniform lattice spacing at a part in the 
longitudinal direction, and a 

tension member 11 having a part 12 generating strain upon 
application of a 

tensile force wherein the FBG 4 part of the optical fiber 1 
is bonded to the 

part 12 of the tension member 11 generating uniform strain. 

Since the lattice 
spacing of the FBG 4 becomes uneven upon application of 
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tensile force, 

bandwidth of reflected wave is widened and the tensile 

force can be measured 

from the variation of bandwidth. 
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[Claims] ; 

[Claim 1] A dynamic force sensor characterized in that it consists 
of an optical fiber provided with an FBG with even grating intervals in 
one lengthwise portion and a strain generating member that, when a dynamic 
force is applied to it, generates uneven strain and characterized in that 
said FBG portion of the optical fiber is fixed to the portion of said 
strain generating member that generates uneven strain. 

[Claim 2] A dynamic force sensor of Claim 1 characterized in that 
the portion of the strain generating member that causes uneven strain 
is obtained by altering its cross-sectional area in the direction in which 
dynamic forces are applied. 

[Claim 3] A pressure sensor characterized in that it is comprised 
of an optical fiber that has an FBG having even grating intervals at one 
lengthwise portion and of a diaphragm for pressure detection and 
characterized in that said FBG portion of the optical fiber is fixed at 
a portion of said diaphragm that generates uneven strain. 

[Claim 4] A pressure sensor characterized in that it is comprised 
of an optical fiber that has an FBG having even grating intervals at one 
lengthwise portion and of a diaphragm for pressure detection and 
characterized in that said FBG portion of the optical fiber is fixed in 
a manner such that it crosses over a portion of said diaphragm that causes 
elongation strain and a portion that causes compression strain. 

[Claim 5] A dynamic force sensor characterized in that: it is 
comprised of an optical fiber that has an FBG having even grating intervals 
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at one lengthwise portion and in which the cross-sectional area of the 
zone containing the FBG changes in the lengthwise direction and of a strain 
generating member that has a portion that, when a dynamic force is applied 
to it, generates even strain; and both sides of said portion of the optical 
fiber in which the cross-sectional area changes in the lengthwise direction 
are fixated to the portion of said strain generating member that generates 
even strain. 

[Detailed Explanation of the Invention] 

[0001] [Field of the Invention] 

The present invention pertains to dynamic force sensors that detect 
dynamic forces, such as tensile force, compressive force, pressure, etc., 
by using FBGs (fiber Bragg gratings) . 

[0002] [Prior Art] 

FBGs are optical fibers that have a function for ' reflecting light 
having a specific wavelength, called the Bragg wavelength, from among 
lights of various wavelengths that are transmitted through the optical 
fibers. By using this property, FBGs are utilized as detection components 
of pressure sensors, tensile force sensors, temperature sensors, etc., 
as optical communication circuit components such as optical filters, etc. 

[0003] Figure 9 shows a model of an optical fiber having an FBG. 
The reference numeral [1] is an optical fiber that consists of a core 
[2] and a cladding [3], and the FBG [4] is provided to a portion of its 
lengthwise direction. The FBG [4] has a structure in which regions [N H ] 
having high refractive indexes and regions [N L ] having low refractive 
indexes are provided alternately in the lengthwise direction of the optical 
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fiber. The light transmission characteristics of the FBG are indicated 
by means of two parameters, which are the Bragg wavelength (reflective 
wavelength) and the reflected wavelength range. 

[0004] From among the light that is transmitted through the optical 
fiber, light of a certain wavelength range that has the Bragg wavelength 
in the center becomes reflected in the FBG. The Bragg wavelength, A B , 
is determined based on the refractive index, n e ,' and the grating intervals, 
d, as in the following equation. 

[0005] 

[Math 1] A B =2n e -d 

[0006] The refractive index, n e , is called an effective refractive 
index, and it is a value determined based on the structure of the optical 
fiber and is approximately equivalent to the refractive index of the core 
material. Moreover, the wavelength range, that is to say the bandwidth, 
of light reflected by the FBG is determined by the number of the gratings, 
and the greater the number of gratings, the narrower the bandwidth becomes. 

[0007] When a tensile force or a temperature change is applied to 
the optical fiber [1], the Bragg wavelength (reflection wavelength) of 
the FBG [4] changes. This is because the refractive index, n e , and grating 
interval, d, are changed by the tensile force or temperature change. 
However, since the number of the gratings does not change, the bandwidth 
of the reflected wave does not change. 

[0008] For the application of such an FBG to a pressure sensor, tensile 
force sensor, etc. , a method for detecting a change in the Bragg wavelength 
has conventionally been utilized. However, it is not possible in this 
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method to distinguish whether the change in the Bragg wavelength is caused 
by a strain or a temperature change. Therefore, it is necessary to adopt 
some type of temperature compensation method. Conventional representative 
temperature compensation methods are (1) a method in which 2 FBGs are 
utilized and (2) a method in which an FBG having a structure called chirped 
grating is utilized. 

[0009] Figure 10(a) and (b) show a temperature compensation method 
in which 2 FBGs are utilized. In the figure, [la] is a first optical fiber 
having the first FBG [4a], [lb] is a second optical fiber having the second 
FBG [4b] , [5] is a disc-shaped diaphragm that becomes warped with pressure, 
[6] is a pressure vessel that supports the circumferential area of the 
diaphragm [5] in a sealed state, and [7] is a pressure fluid guiding part. 
The first FBG [4a] is for detecting a strain, and it is fixated to the 
center of the diaphragm [5] in the diameter direction by means of bonding, 
etc. This is because the center of the diaphragm [5] has the highest 
sensitivity for the detection of strains. When the diaphragm [5] becomes 
warped as a result of the pressure inside the pressure vessel [6] becoming 
high, the first FBG [4a] becomes deformed at the same time, and the Bragg 
wavelength becomes changed. On the other hand, the second FBG [4b] is 
for temperature compensation, and it is fixated by means of bonding, etc. 
to a location (pressure vessel fixing portion) in which the strain of 
the diaphragm [5] is not detected. 

[0010] In the above structure, the second FBG [4b] for temperature 
compensation is calibrated in advance for Bragg wavelength changes caused 
by temperature changes. Moreover, the first FBG [4a] for strain detection 
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is also calibrated in advance for Bragg wavelength changes caused by 
pressures (strains) and temperature changes . By performing such procedures 
in advance, it becomes possible to compensate for a change in the Bragg 
wavelength caused by a temperature change measured by the second FBG [4b] 
when the change in the Bragg wavelength is measured by the first FBG [4a] . 
Therefore, it is possible to measure an accurate, temperature-compensated 
pressure. Note, however, that the premise of this method is that the /3 
temperatures of the first FBG [4a] and the second FBG [4b] are the same. 

[0011] Figure 11 shows an FBG having a chirped grating structure. 
In the figure, [1] is an optical fiber, [2] is a core, [3] is a cladding, 
and [8] is an FBG having a chirped grating structure. This FBG [8] is 
manufactured in the following manner. First, the cladding [3] of the area 
to which the FBG is to be provided is etched into a tapered shape by means 
of hydrofluoric acid, etc. Next, a constant tensile force is applied to 
the optical fiber [1] and the condition is maintained. In the tapered 
area, the narrow portion stretches more than the thick portion when a 
tensile force is applied. In this state, a regular FBG, which has constant 
grating intervals, is formed. After that, when the tensile force of the 
optical fiber is removed, the thin portion shrinks more than the thick 
portion in the tapered area, and as a result, an FBG [8] having a chirped 
grating structure in which the grating intervals become gradually narrower 
from the thick portion to the thin portion as in Figure 11 is obtained. 

[0012] The FBG [8] having such a chirped grating structure is 
equivalent to FBGs having different grating intervals, in other words, 
FBGs having different Bragg wavelengths, connected continuously to one 
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another, and therefore, it reflects lights of various wavelengths. This 
is to say that the bandwidth of the reflected wave is wide. When a tensile 
force is applied to the FBG [8] having such a chirped grating structure, 
the FBG having the chirped grating structure changes into an FBG having 
the same grating intervals, and the bandwidth of the reflected wave becomes 
small accordingly. If there is a temperature change at this time, the 
temperature change merely alters the Bragg wavelength and is unrelated 
to a bandwidth change. Therefore, by measuring the change in the bandwidth 
by using an FBG having the chirped grating structure, it is possible to 
measure the strain (tensile force) independently of temperature changes. 
[0013] [Problems that the Invention is to Solve] 

However, the above method (1) in which 2 FBGs are utilized has the 
following problem. 

- Since 2 FBGs are required, the cost becomes high. 

- The task of connecting the 2 FBGs becomes necessary, which increases 
the assembly labor hours and increases the cost. 

- From the perspective of the sensor system structure, the transmission 
loss increases since 2 connected FBGs are inserted into the 
transmission path. The detection light becomes weak when the 
transmission loss increases, which deteriorates the SN ratio and 
the measuring accuracy. 

- In the case of multi-point measurement, the number of sensors that 
can be provided becomes limited when the transmission loss increases. 
For this reason, the number of measurement points decreases, and 
the monitored range becomes narrow. 
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- Calibrations become necessary for the 2 FBGs in advance. 

- In actuality, the temperatures of the 2 FBGs are not the same, and 
a temperature-compensation error occurs. 

[0014] Moreover, the above method (2) in which an FBG having a chirped 
grating structure is utilized has the following problems. 

- When providing the FBG, a tensile force must be applied to the optical 
fiber, which makes the manufacture troublesome and the device 
complex . 

- A process for providing the optical fiber with a tapered portion 
is necessary, and precise formation of this tapered portion is not 
easy. Moreover, the cost of this tapering process is high. 

- In addition to the fact that the tapered portion is thin, a defect 
of strength caused by the tapering process inevitably occurs in the 
glass surface, which substantially lowers the strength of the optical 
fiber and makes it difficult to handle. 

[0015] The purpose of the invention of this application is to supply 
a dynamic force sensor that solves the above problems. 
[0016] [Means for Solving the Problems] 

A dynamic force sensor pertaining to the present invention is 
characterized in that it consists of an optical fiber provided with an 
FBG with even grating intervals in one lengthwise portion and a strain 
generating member that, when a dynamic force is applied to it, generates 
uneven strain and characterized in that said FBG portion of the optical 
fiber is fixed to the portion of said strain generating member that 
generates uneven strain (Claim 1). 
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[0017] The portion of the strain generating member of the dynamic 
force sensor of the present invention that causes uneven strain can be 
structured by altering the cross-sectional area in the direction in which 
dynamic forces are applied (Claim 2) . 

[0018] In a case in which the dynamic force sensor pertaining to 
the present invention is a pressure sensor, the structure should be 
comprised of an optical fiber provided with an FBG having even grating 
intervals at one lengthwise portion and of a diaphragm for pressure 
detection and should have said FBG portion of the optical fiber fixed 
at a portion of said diaphragm that generates uneven strain (Claim 3) . 

[0019] Moreover, in a case in which the dynamic force sensor 
pertaining to the present invention is a pressure sensor, it is preferred 
that the structure be comprised of an optical fiber provided with an -FBG 
having even grating intervals at one lengthwise portion and of a diaphragm 
for pressure detection and that the structure have said FBG portion of 
the optical fiber fixed in a manner such that it crosses over a portion 
of said diaphragm that causes elongation strain and a portion that causes 
compression strain (Claim 4). 

[0020] Moreover, a dynamic force sensor pertaining to the present 
invention may have a structure that is comprised of an optical fiber that 
has an FBG with even grating intervals at one lengthwise portion and in 
which the cross-sectional area of the zone containing the FBG changes 
in the lengthwise direction and comprised of a strain generating member 
that has a portion that, when a dynamic force is applied to it, generates 
even strain, and a structure in which both sides of said portion of the 
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optical fiber in which the cross-sectional area changes in the lengthwise 
direction are fixated to the portion of said strain generating member 
that generates even strain (Claim 5) . 
[0021] [Working Modes of the Invention] 

Working modes of the present invention will be explained in detail 
by referring to drawings below. 

[Working Mode 1] Figure 1 shows one working mode of the present 
invention. This working mode is a tensile force sensor. In the drawing, 

[I] is an optical fiber provided with an FBG [4] that has even grating 
intervals at one lengthwise portion, and [11] is a tension member (strain 
generating member) made from a metal plate. The tension member [11] /4 
has a portion [12] that gradually narrows at the lengthwise center. This 
portion [12] generates uneven elongation strain when the tension member 

[II] receives a tensile force. In other words, a narrower portion generates 
a larger elongation strain than a wider portion. The FBG [4] portion of 
the optical fiber [1] is fixated to the portion [12] of the tension member 
[11] that gradually narrows by means of bonding, etc. in a manner such 
that its lengthwise direction is oriented toward the lengthwise direction 
of the tension member [11] . 

[0022] Because this tensile force sensor has the above structure, 
the narrower that the portion [12] that narrows gradually becomes, the 
greater the elongation strain generated in it becomes when a tensile force 
is applied to the tension member [11], and the same elongation strain 
occurs in the FBG [4] fixated to it. As a result, the FBG [4] shifts from 
a state in which the grating intervals are even to a state in which they 
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are uneven (chirped grating . structure) , and since the bandwidth of the 
reflected wave becomes wider after the application of a tensile force 
than before the application, as indicated in Fig. 2, the degree of the 
tensile force can be measured by measuring the bandwidth. Since a change 
in the bandwidth is unrelated to a temperature change, a tensile force 
can be measured without receiving the influence of a temperature change 
by using this tensile force sensor. 

[0023] A tensile force sensor having the following structure was 
made as a prototype. 

Plate thickness of the tension member [11] = 100pm 

Maximum width of the portion [12] that narrows gradually = 10mm 

Minimum width of the portion [12] that narrows gradually = 5mm 

Material = stainless steel 

Bragg wavelength of the FBG [4] = 1.55pm 

Bandwidth = 0.2nm 

As a result of applying a tensile force to this tensile force sensor 
and varying the tensile force in the 0-20kg range, it was discovered that 
the bandwidth of the reflected wave changes. Moreover, the temperature 
was changed from 0°C to 40°C, but the bandwidth did not change. 

[0024] [Working Mode 2] Figure 3 shows another working mode of the 
present invention. This working mode is also a tensile force sensor. In 
the Figure, [1] is an optical fiber having the same FBG [4] as that of 
the working mode [1], and [13] is a tension member (strain generating 
member) made from a round metal bar. The tension member [13] has a 
lengthwise hole in the center and also has a tapered portion [14] that 
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has a gradually decreasing outside diameter at the lengthwise center. 
This tapered portion [14] generates uneven elongation strain when the 
tension member [13] receives a tensile force. In other words, the portion 
with a larger outside diameter generates a greater elongation strain than 
the portion with a. smaller outside diameter. The optical fiber [1] is 
inserted into the center hole of the tension member [13] in a manner such 
that the FBG [4] portion is positioned inside the tapered portion [14] 
and is fixated to the inner surface of the tension member [13] by means 
of bonding, etc. A tensile sensor such as this can also detect a tensile 
force in the same manner as the working mode [1] . 

[0025] Moreover, when making the above tensile sensor, the 
manufacture is simplified by making a tension member -[13] that is 
vertically divided into two and by sandwiching the optical fiber [1] 
between them and bonding it with an adhesive. Moreover, this type of tensile 
sensor of Figure 3 can also be used as a compression force sensor by applying 
compression forces to the tension member [13] from both ends. 

[0026] [Working Mode 3] Figure 4 shows yet another working mode of 
the present invention. This working mode is a pressure sensor. In the 
figure, [1] is an optical fiber that has the same FBG [4] as that of the 
working mode [1], [5] is a disc-shaped diaphragm ( strain generating member ) 
that warps with pressure, [6] is a pressure vessel that supports the 
circumferential area of the diaphragm [5] in a sealed state, and [7] is 
a pressure fluid guiding part. In this working mode, the FBG [4] is fixated 
in a location away from the center of the diaphragm [5] in the diameter 
direction as shown in Fig. 4 (a) and (b) . 



12 



[0027] Figure 4 (c) indicates the degree of the strain of each part 
of the radial direction obtained when pressure is applied to the diaphragm 
[5] . The diaphragm [5] has a certain degree of rigidity, and its 
circumferential area is completely fixated to the rim of the pressure 
vessel [6] . Therefore, with a certain radial position [T] as a border, 
the strain in the diaphragm's surface obtained when pressure is applied 
to the diaphragm [5] is elongation strain in the center-side area and 
is compression strain in the circumference-side area. In the case of a 
disc-shaped diaphragm, the position [T] at which the surface strain changes 
from elongation strain to compression strain is located at about 0.6 times 
the radius from the center. 

[0028] Therefore, if the FBG [4] having even grating intervals is 

fixated in advance to the diaphragm [5] in a manner such that it crosses 

over the above position [T] , one side (the center side of the diaphragm) 

of the FBG [4] stretches and the other side (outer-periphery side of the 

diaphragm) shrinks when pressure is applied to the diaphragm [5] . As a 

result, the grating intervals of the FBG [4] become wide on one side and 

narrow on the other side, and therefore, the structure of the FBG [4] 

turns into a chirped grating structure. Therefore, by measuring the 

bandwidth of the reflected wave, the degree of the pressure can be detected 

f 

independently from a temperature change. 

[0029] A pressure sensor having the following structure was made 
as a prototype. 

Plate thickness of the diaphragm [5] = 0.15mm 
Diameter = 25mm 
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Material = stainless steel 

Bragg wavelength of the FBG [4] = 1.55pm 

Bandwidth = 0.2nm 

Pressure was applied to this pressure sensor and the pressure was changed 
from 0 to 0.3 atmospheric pressure (3m in terms of a water column), and 
the bandwidth of the reflected wave was about 2nm as a result. Moreover, 
the temperature was changed from room temperature to about 40°C, but there 
was no change in the bandwidth. 

[0030] [Working Made 4] Figure 5 shows yet another working mode of 
the present invention. This working mode can be utilized as both a tensile 
force sensor and a bending stress sensor. In the figure, [1] is an optical 
fiber that has the same FBG [4] as that of the working mode [1], and [15] 
is a tension member (strain generating member) made from a square metal 
bar. The lengthwise center of the tension member [15] is provided with 
a groove [16] that runs in a direction perpendicular to the lengthwise 
direction so that the cross-sectional area of that portion is reduced. 
Therefore, when the tension member [11] receives a tensile force, the 
groove [16] portion generates an elongation strain greater than those 
of other portions. The optical fiber "[1] is positioned in a manner /5 
such that half of the FBG [4] is inside the open zone of the groove [16] 
and such that the remaining half is on the tension member [15] . The optical 
fiber [1] is fixated to the tension member [15] at both sides of the groove 
[16] by means of bonding, etc. 

[0031] When a tensile force is applied to the tension member [15], 
such a structure allows the FBG [4] to barely stretch in the area fixated 
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to the tension member [15] and to greatly stretch in the area that is 
inside the open zone of the groove [16]. Therefore, the Bragg wavelength 
of the FBG [4] becomes divided into two as indicated in Fig. 6, but the 
fact that a tensile force can be detected as a widening of the bandwidth 
is the same as in said working mode. Moreover, the sensor of this working 
mode can also be utilized as a bending stress sensor if forces are applied 
to the tension member [15] in the directions of the arrows, [P] and [Q] , 
of Fig. 5 (b) . 

[0032] [Working Mode 5] Figure 7 shows yet another working mode of 
the present invention. This working mode is obtained by providing a groove 
[16] to the lengthwise center of the tension member [15], by allowing 
the FBG [4] to cross over both sides of the groove [16], and by fixating 
both ends of the FBG [4] to the tension member [15] on both sides of the 
groove [16] by means of bonding. Such a structure can also achieve the 
same effects, as those of the working mode [4]. 

[0033] [Working Mode 6] Figure 8 shows yet another working mode of 
the present invention. This working mode is a tensile force sensor. In 
the figure, [1] is an optical fiber, [2] is a core, [3] is a cladding, 
[4] is an FBG [4] that has even grating intervals and that is provided 
to one lengthwise portion. The cladding [3] of the zone containing the 
FBG [4] is etched into a tapered shape by means of hydrofluoric acid, 
etc. [17] is a tension member (strain generating member) made from a metal 
bar or a metal plate that has uniform cross-sectional areas in the 
lengthwise direction. As for the optical fiber [1], both sides of the 
tapered portion [18] are fixated to the tension member [17] by means of 



bonding, etc . 

[0034] When a tensile force is applied to the tension member [17] 
of such a structure, a uniform elongation strain occurs in the lengthwise 
direction in the tension member [17] , but the elongation strain that occurs 
becomes greater as the outside diameter becomes smaller in the tapered 
portion [18] of the optical fiber [1] . For this reason, the FBG [4] shifts 
from a condition in which the grating intervals are even to a condition 
(chirped grating structure) in which they are uneven, and the degree of 
the tensile force can be measured by measuring the bandwidth. 
[0035] [Effects of the Invention] 

As explained earlier, the present invention allows a dynamic force 
to be detected by means of 1 FBG without receiving the influence of 
temperature changes and also allows an FBG having even grating intervals 
to be utilized. For this reason, the conventional problems of cases in 
which two FBGs are utilized or in which an FBG having a chirped grating 
structure is utilized can be solved. 
[Brief Explanation of the Drawings] 

[Figure 1] (a) is a plane view and (b) is a front view that show 
one working mode of a tensile force sensor pertaining to the present 
invention. 

[Figure 2] A graph that indicates the waveform of a reflected wave 
of the FBG of the tensile force sensor of Fig. 1. 

[Figure 3] A perspective drawing that shows another working mode 
of the tensile sensor pertaining to the present invention. 
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[Figure 4] (a) is a plane view, (b) is a cross-sectional drawing 
of the b-b line of (a), and (c) is a graph of the strain of the diaphragm 
that indicate one working mode of a pressure sensor pertaining to the 
present invention. 

[Figure 5] (a) is a plane view and (b) is a cross-sectional drawing 
of the b-b line of (a) that indicate yet another working mode of a tensile 
force sensor pertaining to the present invention. 

[Figure 6] A graph that indicates the waveform of the reflected wave 
of the FBG of the tensile force sensor of Fig. 5. 

[Figure 7] (a) is a plane view and (b) is a cross-sectional drawing 
of the b-b line of (a) that indicate yet another working mode of a tensile 
force sensor pertaining to the present invention. 

[Figure 8] A cross-sectional drawing showing yet another working 
mode of the tensile force sensor pertaining to the present invention. 

[Figure 9] A cross-sectional drawing showing the structure of an 

FBG. 

[Figure 10] (a) is a plane view and (b) is a cross-sectional drawing 
of the b-b line of (a) that indicate a pressure sensor for which a 
conventional FBG is utilized. 

[Figure 11] A cross-sectional drawing showing an FBG having a chirped 
grating structure . 

[Explanation of the Reference Numerals]' 
[1] = optical fiber 

[4] = FBG (optical fiber Bragg grating) 
[5] = diaphragm 
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[6] = pressure vessel 

[11] = plate-shaped tension member 

[12] = portion that narrows gradually 

[13] = tension member having a round-bar shape 

[14] = tapered portion 

[15] = tension member having a square-bar shape 

[16] = groove 

[17] = tension member having uniform cross-sectional areas. 



[Figure 3] 



[Figure 11] 
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